Introduction {#s02}
============

Eukaryotic mRNA expression and regulation involves transcription, mRNA processing, and degradation of transcripts. All of these processes are regulated and coordinated to maintain transcript homeostasis and allow responses to intra- and extracellular stimuli ([@bib56]; [@bib47]; [@bib10]; [@bib14]). In addition to these classic mechanisms affecting transcriptome homeostasis, an ever-increasing list of RNA editing and modification events has been described in recent years. Tailored mRNA-sequencing projects have revealed that RNA modifications and RNA editing sites are present in almost every transcript and can be dynamically regulated ([@bib49]; [@bib25]; [@bib60]; [@bib68]; [@bib17]; [@bib81]). These processes provide a direct and fast way to manipulate the existing transcriptome, bypassing conventional gene expression mechanisms mediated, for instance, by the activation of transcription factors. For example, RNA modifications can increase translation efficiency, thereby boosting expression of particular transcripts and allowing immediate responses to rapidly changing conditions ([@bib91]; [@bib97]).

Here we discuss how RNA editing and modification mechanisms control the transcriptome ([Fig. 1](#fig1){ref-type="fig"}), focusing on m6A methylation and adenosine to inosine editing (A-to-I editing). For other epitranscriptomic mechanisms such as cytosine to uracil deamination (C-to-U editing) or pseudouridylation, we will mostly highlight their functions during environmental or cellular stress.

![**Rapid modifications of the epitranscriptome in response to extracellular inputs.** RNA modifications and editing can regulate the transcriptome. Both types of epitranscriptomic regulation are particularly suited to modulate the transcriptome in situations of stress because they allow a more rapid response compared with classic regulation mechanisms of gene expression.](JCB_201511041_Fig1){#fig1}

m6A RNA methylation dynamically regulates the epitranscriptome {#s03}
==============================================================

m6A RNA methylation (*N*^6^-methyladenosine) was discovered ∼40 years ago ([@bib24]; [@bib69]) and was shown to occur on ∼1--2% of all mRNA adenosines ([@bib70]). This RNA modification more recently caught the attention of many researchers when m6A demethylating activity was demonstrated for the fat mass and obesity protein (FTO; [@bib43]). In search for substrates, distinct m6A RNA methylation sites in mammalian transcriptomes were identified and characterized in two pioneering studies ([@bib25]; [@bib60]). Both studies identified modification sites in transcripts originating from ∼7,000 human genes, using an m6A-specific immunoprecipitation assay combined with RNA sequencing. Excitingly, m6A RNA methylation was found to be dynamically associated with particular transcripts. Moreover, factors for writing, erasing, and reading m6A methylations have been identified ([Fig. 2](#fig2){ref-type="fig"}). Here, we will illustrate the role of m6A methylation during mammalian development and circadian regulation.

![**The dynamic interplay of factors writing, reading, and erasing m6A modifications.** The m6A mark is written by METTL3 or METTL14 (blue) in complex with WTAP (purple), whereas the proteins ALKBH5 or FTO (red) are erasers of m6A modifications. Several reading mechanisms have been characterized: (1) YTHDF proteins (green) can detect the m6A mark and shift localization of the transcripts to P-bodies and thereby promote degradation; (2) m6A can cause structural changes and thereby lead to differential binding of RNA-binding proteins (RBP, green); (3 and 4) HNRNPA2B1 (green) can bind to m6A sites in pri-miRNAs or pre-mRNAs and either promote maturation of miRNAs (3) or cause alternative splicing (4); and finally, (5) under stress conditions, m6A can also cause cap-independent translation. m6A writing mechanisms are in blue, reading mechanisms are in green, and erasing mechanisms are in red.](JCB_201511041_Fig2){#fig2}

Writers and erasers of m6A RNA methylation {#s04}
==========================================

To date, four major factors have been characterized that mediate m6A homeostasis in RNA. Methylation is achieved by two methyltransferase-like proteins, METTL3 and METTL14, that work in a complex. Demethylation, on the other hand, is achieved by FTO or the α-ketoglutarate--dependent dioxygenase homolog, ALKBH5 ([@bib43]; [@bib96]).

METTL3 (also known as MT-A70) was identified as binding *S*-adenosyl-[l]{.smallcaps}-methionine and is the core component of a multiprotein complex catalyzing m6A methylation ([@bib13]). METTL14, another crucial subunit of the complex, forms a stable heterodimer with METTL3 ([@bib53]; [@bib71]; [@bib92]). A third constituent of the methylation complex, Wilms tumor 1--associated protein (WTAP), likely also regulates m6A methylation ([@bib53]; [@bib71]). Both METTL3 and METTL14 have essential functions, with knockdown of either protein eliminating m6A methylation and self-renewal capacity in embryonic stem cells ([@bib92]). Interestingly, METTL3 binding can be modulated by miRNAs that target transcripts containing m6A binding sites ([@bib20]).

FTO was the first m6A demethylase to be identified ([@bib43]; [@bib29]). Consistently, overexpression of FTO in HEK293T cells leads to a reduction of m6A modifications in cellular RNA ([@bib60]). FTO belongs to the AlkB family of demethylases ([@bib48]), and another member of the AlkB family, ALKBH5, also removes m6A methylation in RNA by oxidation ([@bib96]). *Alkbh5*-knockout mice are viable until adulthood, but fertility of male knockout mice is affected, suggesting that the dynamic removal of m6A modifications is fundamental for mammalian spermatogenesis ([@bib96]).

Readers of m6A RNA methylation {#s05}
==============================

The discovery of proteins that read m6A RNA methylations was a milestone in elucidating the impact of m6A modifications in RNA. With m6A-modified RNA as bait for affinity purification and subsequent mass spectrometry, the proteins YTHDF1-3 and HuR were identified as m6A binders ([@bib25]; [@bib90]). YTHDF2 binds more than 3,000 cellular RNAs---mostly mRNAs but also noncoding RNAs---and shifts them to sites of mRNA degradation, such as P-bodies ([@bib90]). In line with this finding, m6A methylation can impair binding of the mRNA stabilizing protein HuR and indirectly promote degradation ([@bib92]). On the other hand, YTHDF1 promotes translation and, in conjunction with YTHDF2, allows rapid regulation of the transcriptome ([@bib91]).

Another nuclear m6A reader, HNRNPA2B1, binds to m6A modifications, influences alternative splicing, and promotes miRNA biogenesis ([@bib1],[@bib2]). Consistently, METTL3 knockdown also modulates alternative splicing ([@bib1]). m6A modifications can also affect many other RNA-binding proteins, such as HNRNPC, by changing local RNA structures ([@bib54]). Approximately 3,000 so-called m6A switches have been identified in which m6A modification affects HNRNPC binding, leading to alternative splicing of mRNAs. However, many consequences of m6A-induced structural changes are not yet characterized and will provide an interesting basis for future studies.

miRNAs show the way {#s06}
===================

One of the first transcriptome-wide studies revealed a correlation of m6A patterns in 3′ UTRs with miRNA-binding sites; UTRs that contain miRNA-binding sites showed a significant enrichment for m6A sites ([@bib60]). Similarly, it was shown that targets of the 25 most highly expressed miRNAs in the brain are significantly enriched in m6A sites ([@bib60]). Overexpression of miRNAs leads to elevated m6A levels at corresponding target sites, whereas miRNA repression results in m6A down-regulation ([@bib20]). Subsequent mutational analysis showed that these effects are sequence specific. The same study also showed that miRNAs regulate m6A levels by affecting METTL3 activity. As discussed earlier, m6A methylation also marks primary miRNAs for processing and promotes miRNA biogenesis ([@bib1],[@bib2]). Thus, there is a dynamic regulatory interplay between miRNAs and m6A modifications; m6A promotes miRNA biogenesis, whereas mature miRNAs, in turn, modulate METTL3 activity and increase m6A methylation.

The importance of m6A RNA methylation in development {#s07}
====================================================

m6A methylation is dynamically regulated and may play a role during development. For example, m6A modifications are relatively low during embryonic stages but display a dramatic increase during brain development, as well as tissue-specific regulation ([@bib60]). Recent studies have also linked m6A RNA methylation to the developmental switch from pluripotency to differentiation ([@bib8]; [@bib92]; [@bib33]). Knockout of *Mettl3* in mouse embryonic stem cells leads to reduced m6A RNA methylation and promotes their self-renewal ([@bib8]). Similarly, knockout of *Mettl3* in human embryonic stem cells prevents differentiation ([@bib8]). Moreover, METTL3 selectively targets mRNAs that regulate pluripotency, such as those of NANOG or SOX2 ([@bib8]; [@bib20]). [@bib33] further confirmed that METTL3 is required for differentiation in vivo*,* using mouse models. In agreement with earlier findings, increased half-lives of several METTL3 targets and elevated levels of transcripts affecting pluripotency were found in *Mettl3*-knockout cells and embryoid bodies derived from those cells ([@bib33]). Consistently, combined knockdown of the pluripotency factors KLF4, NANOG, SOX2, and ZFP42 in *Mettl3*-knockout embryonic stem cells leads to an up-regulation of lineage commitment markers ([@bib33]). These data suggest that ablation of METTL3 leads to increased stability of transcripts encoding pluripotency factors that inhibit differentiation. Therefore, m6A methylation facilitates resolution of murine naive pluripotency toward differentiation by mediating timely down-regulation of pluripotency factors at the onset of differentiation ([@bib33]).

Biological consequences of m6A dynamics: Tuning the circadian clock {#s08}
===================================================================

The circadian clock is a fascinating, self-regulated circuit that is fine-tuned by external cues ([@bib6]). [@bib31] provided compelling evidence that m6A RNA methylation affects the speed of the circadian clock, supported by the fact that many "clock" transcripts contain methylation sites. Knockdown of METTL3 leads to elongation of the circadian cycle, whereas METTL3 overexpression shortens it. In addition, depletion of METTL3 increases the duration of nuclear retention of the clock transcripts *Arntl* and *Per2*, which may explain the effect on circadian rhythm ([@bib31]).

In line with these findings, earlier results showed that ALKBH5-deficient cells exhibit accelerated nuclear RNA export ([@bib96]), as might be expected for an m6A RNA-demethylase acting in opposition to METTL3. Furthermore, [@bib96] demonstrated that depletion of ALKBH5 strongly affects protein factors involved in pre-mRNA processing. The splicing factor ASF/SF2 was found to colocalize with ALKBH5, and upon ALKBH5 depletion, nuclear staining patterns for ASF/SF2 were diminished. Moreover, the kinase SRPK1 relocalized from the nucleus to the cytoplasm upon ALKBH5 knockdown. Notably, SRPK1 is one of the main kinases that phosphorylate ASF/SF2. This may explain the effect of accelerated RNA export in ALKBH5-deficient cells because ASF/SF2 promotes mRNA export when dephosphorylated. [@bib96] speculated that the methylation status of transcripts targeted by pre-mRNA/mRNA processing factors may feed back on the activity of these factors. Very recently, it was demonstrated that pre-mRNA processing factors such as HNRNPA2B1 act as m6A readers, supporting this idea ([@bib1]).

Thus, m6A RNA methylation affects the rates of mRNA export from the nucleus to the cytoplasm and, in this way, further influences protein translation. This can affect circadian rhythms and may also have an impact on other cellular functions.

Pseudouridylation and m6A: An anti-stress therapy for the transcriptome? {#s09}
========================================================================

Pseudouridylation was the first RNA modification to be discovered ([@bib21]). Pseudouridine (Ψ) is an isomer of uridine and leads to more stable base pairing with adenosine compared with U-A base pairs ([@bib45]). Pseudouridylation is well documented in the context of spliceosomal small nuclear RNAs (snRNAs) and ribosomal RNAs. Pseudouridine was believed to be a constitutive and stable RNA modification but was recently reported to be induced in the yeast spliceosomal RNA U2 upon stress, such as nutrient deprivation or heat shock ([@bib94]). Subsequently, more than 200 stress-induced Ψ sites were found in yeast and human cells ([@bib17]; [@bib81]; [@bib50]). Thus, it seems that pseudouridylation actively adjusts the transcriptome in response to stress. It is known that pseudouridylation stabilizes RNA structures and may therefore be well suited to stabilize transcripts under heat shock conditions ([@bib36]; [@bib5]; [@bib23]). Moreover, pseudouridylation allows alternative decoding of particular transcripts and increases translational efficiency, thereby offering different possibilities for how specific pseudouridylation sites may improve stress tolerance ([@bib4]; [@bib44]; [@bib28]).

Like Ψ, m6A modifications can also be modulated after heat shock or other sorts of stress ([@bib61]; [@bib97]). Upon heat shock, localization of the m6A reader YTHFD2 is shifted to the nucleus, where it blocks FTO-mediated demethylation. Consequently, RNAs produced during heat shock carry more m6A marks in their 5′ end, leading to increased cap-independent translation ([@bib97]). Collectively, these findings suggest that different RNA modifications may mediate a fast response to stressful environmental conditions.

The gut microbiome and tRNA modification {#s10}
========================================

Queuosine is a rare nucleoside in tRNAs of bacteria and eukaryotes that is structurally similar to guanine. Most interestingly, animals cannot synthesize queuosine and rely on the gut microbiome to provide the precursor queuine ([@bib27]). The gut microbiome thus determines the bioavailability of queuine and thereby influences the synthesis of queuosine and the ratio of this modified nucleotide in tRNAs ([@bib64]). Queuosine has been found only in the tRNA anticodon, suggesting a role in translation. Indeed, it was shown that queuosine in the wobble position affects codon choice ([@bib59]). Moreover, data from *Drosophila* suggest that the presence of queuosine in tRNA alters translational fidelity ([@bib95]). Thus, the nutritional environment and the gut microbiome can directly control a host's tRNA composition and its translational fidelity. Ultimately, this may provide an elegant and direct link to how the microbiome affects translation and therefore the proteome of a host.

RNA editing {#s11}
===========

RNA editing is a posttranscriptional process in which a genomically templated sequence is altered at the RNA level. Two major types of RNA editing exist in mammals: adenosine to inosine (A-to-I) and cytidine to uracil (C-to-U). A-to-I editing is catalyzed by the ADAR (adenosine deaminase acting on RNA) class of enzymes that bind double-stranded RNA (dsRNA). During this deamination reaction, an adenosine is converted to inosine, which has the base pairing properties of guanosine and is thus interpreted as guanosine by cellular machines ([Fig. 3 A](#fig3){ref-type="fig"}). A-to-I editing is primarily a nuclear event and is believed to occur cotranscriptionally. Thus, A-to-I editing can affect several steps during gene expression and regulation, such as splicing, RNA stability, localization, miRNA function, and translation ([Fig. 3, A and B](#fig3){ref-type="fig"}; [@bib66]; [@bib22]; [@bib87]). A-to-I editing sites mostly reside in noncoding parts of the human transcriptome, such as introns or 3′ UTRs, but can also be found in coding regions ([@bib49]; [@bib68]; [@bib73]). Interestingly, levels of editing are very diverse and range from barely detectable to almost 100%, depending on the tissue, developmental stage, and substrate ([@bib49]; [@bib89]; [@bib86]). This suggests that editing is dynamically regulated, possibly in response to cellular or extracellular stimuli. In fact, A-to-I editing levels are deregulated during cancer and can promote cancer progression, suggesting they could be an important parameter for cancer treatment strategies ([@bib19]; [@bib30]; [@bib37]; [@bib67]).

![**The consequences of A-to-I-editing are diverse.** (A) Editing sites in protein-coding transcripts are frequently defined by double-stranded structures between exons and introns. The extent of editing can have various consequences. In the case of the glutamate receptor subunit GRIA2, it influences the receptor permeability for Ca^2+^ ions. (B) A-to-I editing can affect miRNA biogenesis and interfere with DROSHA or DICER cleavage, as well as alter target specificity of miRNAs. Editing sites are marked in red; arrows point to the editing site. (C) Unedited foreign dsRNA is sensed by MDA5 (purple) and promotes the interferon response via MAVS (blue). Edited dsRNA does not activate the interferon response and is treated as self.](JCB_201511041_Fig3){#fig3}

The second most abundant editing mediated by deamination occurs on cytidines that are converted to uracil (C-to-U editing). C-to-U editing is catalyzed by a diverse family of 10 different cytidine deaminases called APOBECs that can target RNA and DNA ([@bib83]). The substrate specificity and the targets of the different family members are only sporadically identified, but C-to-U editing is involved in various cellular processes such as host cell defense, antiviral defense, immunity, or recoding of transcripts ([@bib72]). For the APOBEC1 protein---the first protein of the family to be identified---more than 50 C-to-U editing events have been identified in the mouse transcriptome ([@bib76]; [@bib12]). For APOBEC3A---the second APOBEC protein shown to exhibit RNA editing activity---several hundred editing sites have been identified ([@bib82]).

In contrast to ADAR deaminases that act exclusively on RNA, many APOBEC members primarily act on DNA of both viral and endogenous origin. Misregulation of DNA deamination can cause mutations and has been associated with cancer ([@bib3]; [@bib75]).

A-to-I RNA editing enzymes {#s12}
==========================

Two catalytically active ADAR deaminases are known in mammals, ADAR1 and ADAR2. Mice lacking ADAR1 deaminase activity die at early embryonic stages ([@bib38], [@bib39]; [@bib57]; [@bib51]), but ADAR1-deficient mice can be rescued until after birth if they also lack proteins sensing dsRNA ([@bib57]; [@bib51]). This suggests that ADAR1 editing "marks" endogenous dsRNAs to discriminate them from foreign or viral RNA and thereby plays an important role in the innate immune response (see following section and [Fig. 3 C](#fig3){ref-type="fig"}). Mice deficient of ADAR2 die within 3 wk after birth but can be rescued when a preedited allele encoding glutamate receptor subunit 2 (*Gria2*) is coexpressed, arguing for *Gria2* as the major target of ADAR2 ([@bib41]). For a third adenosine deaminase, ADAR3, no catalytic activity has yet been discovered ([@bib18]; [@bib80]). However, ADAR3 may have regulatory functions by competing with ADAR1 and ADAR2 for substrate binding ([@bib18]).

A-to-I editing dynamics during the innate immune response {#s13}
=========================================================

One of the most recent and exciting findings in the A-to-I editing field is the demonstration that ADAR1 regulates the innate immune response. The innate immune response uses so-called pattern-recognition receptors (PRRs), which recognize specific molecular patterns that are inevitable for the survival of a pathogen ([@bib93]). A particular class of PRRs can detect pathogen-derived nucleic acids in the cytosol. Proteins sensing these nucleic acids and transmitting the signal include retinoic acid inducible gene-I (RIG-I), melanoma differentiation associated gene 5 (MDA5), and the mitochondrial antiviral signaling protein (MAVS; [@bib93]). However, one of the most intriguing questions is how PRRs discriminate between endogenous and pathogen-derived nucleic acids to distinguish "self" from "nonself." Here, A-to-I editing plays a key role. Particular mutations in the human ADAR1 gene have been found to be associated with the autoimmune disorder Aicardi-Goutières syndrome, which results from up-regulation of interferon-stimulated genes ([@bib74]). Consistently, deletion of ADAR1 in mouse models causes an elevated interferon response ([@bib39]). Interestingly, dsRNA containing multiple I-U base pairs has been shown to efficiently suppress the induction of interferon-stimulated genes ([@bib88]). However, key evidence from rescue experiments in mice showed that ADAR1 and A-to-I editing represses nucleic acid--induced inflammation signaling and discriminates self from nonself dsRNA. Mice carrying homozygous deletions for either *Mda-5* or *Mavs* can rescue ADAR^−/−^ deficiency, albeit to different extents ([@bib57]; [@bib51]). [@bib57] showed that mice lacking the entire ADAR1 protein can be rescued until birth when *Mavs* is also deleted. [@bib51] showed that a knock-in mouse, in which only the catalytic activity of ADAR1 was inhibited, can be rescued till adulthood and is apparently fertile when *Mda-5* is deleted. Together, these data are consistent with a model in which ADAR1 edits endogenous dsRNA to mark it as self. Upon virus infection, dsRNA is produced and triggers the antiviral interferon response. After ∼24 h, expression of the interferon-inducible cytoplasmic version of ADAR1 is increased. Cytoplasmic ADAR1 then edits all cytoplasmic RNA to dampen the interferon response to limit self-damage ([@bib78]; [@bib57]). Thus, editing can dynamically control the interferon response.

A-to-I editing levels are affected by external stimuli {#s14}
======================================================

The consequences of A-to-I editing for protein-coding transcripts are established for only a handful of targets. One of the first recoding events analyzed is the Q-to-R editing site in the *Gria2* (*GluR-B*) transcript coding for the glutamate receptor subunit B. Editing leads to a change of a CAG codon to CIG (read as CGG) and thus an exchange from genomically encoded glutamine to arginine in the edited transcript ([@bib40]; [Fig. 3 A](#fig3){ref-type="fig"}). Editing at this so-called Q/R site is of particular physiological interest, as ADAR2-knockout mice die with epileptic seizures caused by increased neuronal Ca^2+^ influx ([@bib84]). Most interestingly, lethality can be rescued by homozygous replacement of endogenous *Gria2* with a preedited allele ([@bib41]). Editing at the Q/R site decreases the Ca^2+^ permeability of the encoded receptor and affects the assembly of the glutamate receptor ([@bib42]; [@bib15]; [@bib34]).

Another prominent editing target is the transcript coding for the serotonin receptor 2c (HTR2C), where editing at different sites increases the diversity of the encoded proteins and results in different protein isoforms ([@bib16]). The serotonin receptor belongs to the family of G protein--coupled receptors. Editing also affects desensitization and trafficking of HTR2C isoforms ([@bib58]). Mice with altered editing of the transcript coding for this serotonin receptor exhibit phenotypes similar to Prader-Willi syndrome, underlining the physiological importance of *Htr2c* editing in vivo ([@bib46]; [@bib62]; [@bib63]).

A growing body of evidence suggests that editing levels of the serotonin receptor 2c, the glutamate receptor, and other targets are dynamically adjusted. Editing levels of the *Htr2c* transcript, for instance, respond to serotonin levels and thereby influence the interaction between the receptor and the coupled G protein ([@bib35]). This may be a mechanism by which the receptor adjusts its sensitivity and responds to very high or low levels of serotonin ([@bib35]). Moreover, editing levels of the receptor also change in response to stress ([@bib26]; [@bib11]). Another article suggests that the level of editing of the glutamate receptor and the expression of ADAR2 are metabolically regulated, depending on energy and nutrient status ([@bib32]). Moreover, in a subregion of the hippocampus, it was demonstrated that neuronal activity affects editing of the glutamate receptor ([@bib7]). These examples show that editing levels respond to external stimuli but also demonstrate the advantage of having a mechanism such as A-to-I editing rather than hard-wiring a particular codon change in the genome itself. Editing gives the flexibility to quickly respond to specific inputs and adjust gene expression accordingly.

RNA editing is elevated during hypoxia and inflammation {#s15}
=======================================================

C-to-U editing mediated by APOBEC3A is induced under hypoxic and inflammatory conditions in monocytes or macrophages ([@bib9]; [@bib82]). Because monocytes routinely enter a hypoxic environment as soon as they leave the oxygen-rich bloodstream and enter inflamed tissue, it seems likely that this environmental change is used to reprogram the transcriptome for these conditions ([@bib85]). Similar to C-to-U editing, A-to-I editing can also be induced under hypoxic conditions ([@bib65]). When screening for *Drosophila* mutants that make flies more susceptible to oxygen deprivation, [@bib55] identified the *Drosophila* A-to-I editing deaminase dADAR as a susceptibility factor. Flies lacking the deaminase needed approximately twice as long to recover from anoxic conditions. Moreover, knockout flies were also more susceptible to heat shock. Thus, these data further suggest that A-to-I and C-to-U editing improve responsiveness to environmental stressors.

Concluding remarks {#s16}
==================

The role of the epitranscriptome in dynamic regulation of gene expression at the transcript level is a fairly novel concept ([@bib77]). However, the discovery of dynamic changes and readouts in RNA modifications sheds new light on well-known RNA modifications, such as pseudouridylation, that were primarily attributed to rRNAs, tRNAs, or spliceosomal snRNAs. New sequencing techniques tailored to the detection of modified nucleotides have been developed and applied to detect RNA modifications such as m6A or cytosine methylation ([@bib50]; [@bib52]; [@bib79]). Most importantly, the inputs and readouts of the dynamic epitranscriptomic marks are increasingly appreciated, and many laboratories aim to decipher the regulators and factors involved. Moreover, previously unknown links, such as the connection between innate immunity and A-to-I editing, are being established. Thus, the field of RNA editing and modification is interlinked with many cell biological, physiological, and organismic processes that lead to exciting and unexpected findings that connect to all areas of biology.
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